A transmission electron microscopy (TEM) study was conducted on nanoprecipitates formed in Ti microalloyed TRIP assisted steels, revealing the presence of Ti(N), Ti 2 CS, and a novel type of ultra-fine Fe(C) precipitates. The matrix/precipitate orientation relationships, sizes and shapes were investigated in detail. The ultrafine, disc-shaped Fe(C) precipitates have sizes of 2-5 nm and possess a hexagonal close packed (hcp) crystal structure with lattice parameters a = 5.73 ± 0.05 Å, c = 12.06 ± 0.05 Å. They are in a well-defined Pitsch Schrader (P-S) orientation relationship with the basal plane of the precipitate parallel to the [110] habit plane of the surrounding body centred cubic (BCC) ferritic matrix. Detailed analysis of precipitate distribution, orientation relationship, lattice mismatch, and inter-particle spacing suggest that these ultrafine precipitates contribute considerably to the strengthening of these steels.
Introduction
Ever increasing demands of automotive industries for steels possessing higher strengths and enhanced ductility have led to the development of TRIP assisted steels.
The improved mechanical properties in these materials are attributed to composite deformation of microstructural environments consisting of phases like ferrite, austenite, bainite and martensite [1] . During deformation, the austenite grains in these steels undergo both rotations and transformations to martensite whereby the onset of necking is postponed, leading to improved ductility in these steels through the TRansformation Induced Plasticity (TRIP) effect [2] . While the tensile strength of TRIP steels is typically between 600 to 800 MPa, TRIP steels with higher tensile strengths, in excess of 800 MPa, are becoming increasingly important for automotive applications considering the high demands on weight reduction and safety requirements [3] .
This level of strength can be achieved by ferritic grain size refinement in combination with dispersion strengthening. In general, microalloying is adopted for this purpose by using elements such as Nb, V or Ti [4] . It is well known that transition metals like Nb, V or Ti have the tendency to interact with interstitial elements such as C and N, forming precipitates [5, 6, 7] . Among Nb, V and Ti, Ti is thermodynamically the first element to precipitate during solidification. This element effectively bonds with nitrogen and produces Ti(N) at higher temperatures [5] and it can also result in formation of several complex Ti containing compounds in ferrite [8] . In order to understand the precipitation sequence and to determine the possible contribution to effective strengthening of these steels, a detailed characterization of these nanoscale compounds is essential.
Therefore, the aim of present work is to carry out a thorough investigation of precipitates formed in Ti microalloyed TRIP steel using transmission electron microscopy (TEM) and to analyze their structural properties in relation to precipitation hardening. As will be shown in detail below, we found various types of precipitates:
Ti(N), Ti 2 CS, and Fe(C), whereby the latter one to our best knowledge has not been reported before. Below we first discuss the experimental procedure in Section 2, and continue with optical microscopy and TEM results in Section 3. In Sections 3.2-3.5, a detailed analysis is given of the size, shape, and crystal structures of the precipitates, and the orientation relationships with the surrounding ferritic matrix. In Section 3.6 strengthening mechanisms are discussed and the Orowan-Ashby model is used to make a quantitative estimate of the additional contribution of the ultrafine Fe(C) precipitates to the strengthening.
Experimental Procedure
The chemical composition of the investigated Al alloyed TRIP assisted steel with Ti micro-additions is listed in Table 1 . These steels are produced on an industrial hot dip galvanising line using a conventional intercritical annealing cycle followed by cooling to around 400-460°C, isothermal holding it at this temperature and finally cooling it to room temperature. The rolled TRIP steel sheets were cut into slices along the Normal Direction (ND)-Transverse Direction (TD) plane and the microstructures of the specimens were studied by optical microscopy (OM). The specimen preparation for optical examination involved a stepped etching procedure as suggested by De et al. [9] . The samples for transmission electron microscopy (TEM) were mechanically pre-thinned along the ND-TD plane using SiC paper. Thin foils were prepared by twin-jet electropolishing using a solution of 100 ml perchloric acid and 300 ml butanol in 500 ml methanol at 20 V and a temperature of -20 0 C. The conventional TEM analysis was carried out using a Philips CM30T and a Philips CM200 both operating at 200 kV. Both Selected Area Diffraction (SAD) and Nano Diffraction (ND) were employed to study the nano-sized precipitates in this steel. High-resolution transmission electron microscopy (HRTEM) and Energy dispersive X-ray spectroscopy (EDX) of the samples were carried out in a FEI Tecnai F20ST/STEM microscope with an EDAX analysis system operating at a voltage of 200 kV.
Results and Discussion
It has long been recognized that addition of microalloying additions can significantly alter the ferritic grain size as well as the final microstructure. Therefore, we first discuss briefly the general microstructure.
Light microscopic analysis of microstructures
The microstructure of investigated steels is shown in Figure 1 , in which the large brown areas represent ferrite, and the greyish blue areas represent bainite. Retained austenite is etched white, while the martensite grains present off-white tone in the optical micrograph [9] . The fractions of retained austenite, ferrite martensite and bainite in Fig 1 were quantified using Image Analyser. The retained austenite constitutes 9.5% and martensite, bainite ferrite constitute 1.2%, 19.9% and 62% while the remaining 7.4% of the area fraction is due to the grain boundaries. It can be seen from Figure 1 that the average ferrite grain size of this steel is about 8 m µ , which is large in comparison with Nb alloyed TRIP steel having an average ferritic grain size of 5 m µ [6] . Furthermore, the fractions of austenite are considerably higher than Nb microalloyed TRIP steel [6] .
TEM analysis
Detailed TEM analysis was performed to characterize the various precipitates found in this steel. Table 2 it is evident that both the cubic and faceted precipitates contain high concentrations of Ti and N. With the EDX analysis, minor contributions from Al, Si, Mn and Fe also appear in these precipitates since the EDX signal in TEM comes not only from the precipitate but also from the matrix phase surrounding the precipitate, as a large part of the sample is hit by stray electrons. In addition, in general there is a contribution of the matrix material on top of and beneath the precipitate. The cubic precipitate shown in Figure 3a is at the edge of the electropolished area and has very little matrix on top of or beneath it, and thus the spurious Fe signal is relatively low in comparison to that of the faceted precipitates.
Interestingly, the cubic shaped precipitates showed a higher N content than the faceted precipitates. In order to assess the crystal structure and possible orientation relationships with the matrix, nano diffraction was performed. Figure 3b and Figure   3d show diffraction patterns of cubic shaped precipitates and faceted shaped Ti(N)
precipitates in (100) orientations. Both these precipitates were identified to have the face centred cubic (FCC) crystal structure. The lattice parameter of cubic precipitates was a = 4.5 ± 0.05 Å while in case of faceted precipitates the observed lattice parameter was a = 4.3 ± 0.05 Å. The measured lattice spacings of faceted precipitates are very close to that of the well-known TiN crystal structure [10] , whereas the cubic shaped precipitates showed a slightly larger lattice parameter. These differences may be caused by different N contents [11] . The Ti(N) precipitates were found in random orientations and had no preferred orientation relationship with the surrounding ferrite matrix.
It is well known that precipitation of TiN occurs in two temperatures regimes: during solidification of the steel, and in supersaturated austenite after solidification. Coarse
TiN precipitates are formed at liquid iron temperatures of about 1540°C during solidification [5] . In solidified steel, during δ-γ (austenite) transformation (around 1400°C), the coarse TiN precipitates undergo enhanced dissolution, leading to Ti enrichment in δ-γ solid solution. At temperatures between 1400 and 1200°C, precipitation of smaller TiN and Ti 2 CS precipitates takes place in supersaturated austenite [5] . Since annealing of steels takes place at about 900-950°C and given that both TiN and Ti 2 CS have higher dissolution temperatures, they are expected to pin the grain boundaries, thereby limiting the recrystallization and grain growth process during hot rolling, leading to refinement of the final ferritic grain size [12] .
Analysis of precipitates containing Ti,C and S
Apart from the Ti(N) precipitates there are also spherical particles which are observed within the ferritic matrix as observed in Figure 4 . EDX analysis in Table 3 shows that these precipitates have much higher concentrations of Ti and S than the surrounding ferrite matrix. Ti and S concentrations of 6.93 and 1.59 at% respectively, were found in the precipitates, while these elements could not be detected in the matrix. Analysis of the d-spacings of the nano diffraction patterns showed that they are in good agreement with well-known Ti 2 CS phase [13] having a hexagonal close packed (HCP) structure.
Analysis of precipitates containing Fe and C
It is well established that Ti microalloying can result in precipitation of stable TiC precipitates having a cube-on-cube Burgers relationship with the surrounding ferrite matrix. Surprisingly, no TiC precipitates were observed in ferrite in the present study.
Instead, a new type of ultrafine precipitate was observed having a well defined orientation relationship with the ferritic matrix. To the best of our knowledge, such precipitates have not been reported before, and a thorough TEM investigation was carried out on these precipitates. The Selected Area Diffraction (SAD) pattern with ferrite in (110) projection showed Fe(C) precipitates with (0001) orientation as seen in Figure 5a . A dark-field recording using the [ 40] 22 reflection in the (0001) projection of precipitates is shown in Figure 5b . Here, all the precipitates that have the same orientation are visible. Furthermore, one can see in Figure 5b also the size distribution of precipitates to be within a size range of 2-5 nm. The shape of the observed precipitates in Figure 5b (in particular in the thinner sections at the edge) and the streaking of precipitate reflections seen in the SAD pattern in Figure 5a , indicate that these precipitates have disc shaped morphologies, which is also confirmed by the STEM image in Figure 6 that is discussed below.
Since the precipitates are very small, Z-contrast imaging using high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) was carried shows that new precipitates can be formed as a result of particular heat treatments.
For instance, until 1952, it was assumed that cementite (Fe 3 C) was the only iron carbide that would form directly from supersaturated ferrite [24] . This viewpoint was supported by kinetic measurements performed by Dijkstra [25] and Wert [26] From the above literature on iron carbides and our work presented here, it is expected that the occurrence of such new carbides in this steel could be a consequence of temperature and time of the given heat treatment.
Role of precipitates in strengthening of the steel
An overall objective of the steel industry is to enhance the strength of steel by increasing the strength of the ferrite phase through precipitation hardening. It is therefore important to understand the contribution of the above-mentioned precipitates to effective strengthening of the steels. Table 4 summarizes the size ranges, orientation relationship and crystal structures of precipitates found in this steel. Both Ti(N) and Ti 2 CS could be very effective in pinning austenitic grain boundaries [5, 18] at elevated temperature during the hot rolling process, as explained above in Section 3.3. On the one hand this could result in reducing the ferritic grain
size (grain refinement strengthening), leading to enhancement of yield strength and toughness. On the other hand, the Fe(C) precipitate, which has the highest number density per unit volume and a small or anisotropic lattice mismatch, is expected to act as an obstacle to dislocation movement, raising the overall strength of the steel. There are two well-known mechanisms by which the precipitates can retard the motion of dislocations. The precipitates may be cut by the dislocations, or the precipitates resist cutting so that the dislocations are forced to bypass them through the so-called Orowan mechanism [30] . The mechanism that requires the least energy will be the relevant one for obstructing the dislocation motion. Considering that iron carbides are generally hard and thus resist cutting [31] , the Orowan mechanism is most likely the dominant mechanism.
In that case, the contributions of Fe(C) precipitates towards strengthening can be predicted using Orowan-Ashby model as presented by Gladman [32] :
where σ p represents the precipitation strengthening increment in MPa, f is the volume fraction of precipitate, and d is the mean particle diameter in μm.
This model has been shown previously to give very reasonable quantitative estimation for the precipitation strengthening potential of nano sized carbonitride particles in microalloyed steels [33, 34] . From Figure 5b , it can be seen in that Fe(C) precipitates Additionally, from the experimentally determined lattice parameter of Fe(C) the lattice mismatch was calculated in three mutually perpendicular directions as shown in Table 5 . Here the lattice mismatch is calculated with ferrite (α-Fe) as a reference,
2
Fe(C) and [ 10] [29, 35] . From Table 5 it is clear that the observed Fe(C) precipitates are more likely to effectively strengthen steels than the well-known Fe 3 C and Fe 2.4 C phases. Furthermore, it is well known that slip occurs along {110}, {112} and {123} planes in ferrite. Hence, from the above P-S relationship, it is expected that dislocations of (110) type can effectively be pinned by Fe(C) precipitates resulting in enhanced strengthening of these steels. The above results are undoubtedly of great importance in tailoring the TRIP steels for optimizing mechanical properties. Further, a significant number of ferrite-based steels can strongly benefit from these results.
Conclusions
In this work we have investigated nano-sized precipitates in Ti microalloyed Tables   Table 1: Chemical composition (wt. %) of Al alloyed TRIP-assisted steel with Ti micro addition. 
